INTRODUCTION
Meningiomas are the most common intracranial benign tumors, accounting for 13-26% of all primary intracranial tumors. [8] Asymptomatic meningiomas are being detected more frequently due to the increased use of brain imaging studies such as computed tomography and magnetic resonance imaging (MRI) for various nasal sinus and neurological disorders as well as head trauma. As many newly diagnosed meningiomas do not require immediate therapeutic intervention at the time of diagnosis, the growth of meningiomas during the observation period should be carefully monitored to decide the appropriate therapeutic approach and its timing when tumors show significant progression. In the literature, there is no standard method established in optimally studying the natural history of brain tumors in general and in meningiomas in particular. To assess the tumor growth, previous natural history studies of meningiomas have adopted the prolate ellipse formula, [6, 7, 18] largest linear method (LM), [2, 5, 13, 14, 20] and volumetry. [1, 3, 11, 12, 21] The measurement of the maximum diameter is obviously simple and commonly used in clinical settings, although some recent studies emphasized the importance of volumetry in the follow-up of meningioma. [3, 11] Since there has been no study of direct comparison of LM and volumetric method (VM), the clinical significance of the volumetry still remains unknown. In this study, we conducted an accurate comparison between the LM and the VM in evaluating the growth of meningiomas to determine the optimal follow-up strategy for conservatively treated meningiomas.
MATERIALS AND METHODS
Between February 2003 and August 2010, 330 patients harboring 371 meningiomas were treated conservatively and followed by the senior author at the Cleveland Clinic. The radiographic diagnosis of meningioma was made based on MRI. Patients with an established diagnosis of meningiomas made prior to 2003 who were conservatively managed were included in the study population provided that all radiographic (initial and subsequent) studies were available. A complete radiological follow-up by means of MRI DICOM files was available for 189 tumors in 161 patients. These tumors were subjected to the current investigation of comparison between the LM and the VM. Although slice thickness of MRI ranged from 1 to 7 mm, 85% of the data were obtained from 4-mmto 6-mm-thick MRI slices in this study. Patients with neurofibromatosis or with a history of radiation to the brain were eliminated from this study.
Linear growth (LG) was assessed by measuring the maximum linear diameter of the tumor in any direction on at least two contours of axial, coronal, and sagittal images. Positive LG (LG+) was determined as a minimum increase of 2 mm in the maximum diameter. Volumetric growth (VG) was evaluated by ImageJ Version 1.43 (downloaded from http://rsbweb.nih.gov/ij/). The contour of the tumor in each slice image was traced using freehand tools, and the actual area was measured. The tumor volume was calculated by multiplying each tumor area by the number of slices evaluated. All measurements were performed by a single investigator (S.O.) to prevent any interobserver errors. Absolute VG (cm 3 ) was calculated as a growth indicator. To investigate the influences of tumor location on the results of growth assessment, tumors arising from the olfactory groove, sphenoid wing, parasellar regions, cavernous sinus, petrosal and clival regions, and foramen magnum were defined as skull base.
The nonparametric Spearman's correlation coefficient method was performed to assess the statistical significance of the correlation between the LG and the VG. A t test was used for comparison of the means. JMP Version 7.0.2 (SAS Institute, Cary, NC, USA) was used for the analysis. A P value less than 0.05 was considered significant.
RESULTS

Patient population and tumor locations
The mean age of the patients at the initial diagnosis was 59.1 years (range 31-92 years) with a median follow-up period of 2.0 years (mean 2.9 years, range 0.3-16.8 years). Thirty-three patients were men (20.5%) and 128 were women (79.5%). The mean initial tumor diameter and volume were 20.4 mm (range 3-65 mm) and 3.40 cm 3 (range 0.04-43.48 cm 3 ), respectively. Tumor locations and percentages of the tumor are shown in Table 1 . Convexity meningiomas were the most common (22.8%) site of the tumor origin. Almost all locations that are frequently encountered are included in this study.
Comparison of tumor growth assessment: LM versus VM
LG was observed in 71 tumors (37.6%). Figure 1 shows correlation between the LG and the VG. The colored area represents the 95% prediction interval. There is a moderate correlation between the LG and the VG (Spearman's correlation coefficient = 0.64; P < 0.0001). All seven tumors that did not fall into the 95% prediction interval range were medium to large at the beginning of follow-up (range 28-65 mm), consisting of two nonskull base meningiomas and five skull base meningiomas [ Table 2 ]. Seventy-one tumors with LG showed a mean VG of 2.80 cm 3 (range 0.04-18.10 cm 3 ). In contrast, 118 tumors without LG demonstrated the minimal actual volume increase, i.e., a mean VG of 0.16 cm 3 (range 0.87-2.20 cm 3 ).
We next examined the influences of tumor location on the growth evaluation. Analysis of 71 tumors with LG demonstrated that 36 skull base tumors had a significantly higher VG than did 35 non-skull base tumors (mean 3.71 cm 3 vs. 1.86 cm 3 , P = 0.043; Figure 2 ) although there was no significant difference in LG between skull base and non-skull base tumors (mean 5.3 mm vs. 5.0 mm; P = 0.71).
We then studied the actual volumetric increase in 118
LG-negative tumors. When we grouped the tumors without LG into 53 skull base tumors and 65 non-skull base tumors, we did not find any correlation between the tumor location and the VG [ Figure 3 ] (mean VG; skull base 0.16 cm 3 vs. non-skull base 0.15 cm 3 , P = 0.87). There was no significant difference in LG between skull base and non-skull base tumors (mean 0.19 mm vs. 0.15 mm, P = 0.62). Finally, among these LG-negative tumors, we selected tumors that showed at least one high There was no significant difference in the mean volume growth between skull base and non-skull base meningiomas growth potential, namely, VG greater than 1.0 cm 3 to evaluate the potential risk of missing these 'outliers'. As summarized in Table 3 , four tumors showing higher VG had large initial diameters (range 23-42 mm).
DISCUSSION
The use of volumetric analysis has been advocated especially for the evaluation of the results of radiotherapy for intracranial benign tumors. [4, 9, 10, 17, 19] To evaluate the tumor response after radiosurgery, the accurate volumetric quantification is mandatory because the tumor growth means the treatment failure in most cases, indicating the high potential of cell proliferation and the necessity of surgical intervention to prevent tumor progression.
On the other hand, most neurosurgeons, neurologists, and primary care physicians are frequently measuring the maximum tumor diameter in the conservative management of meningiomas on the outpatient basis. Volumetric analysis can be complicated and rather timeconsuming to perform routinely in clinical settings. As a consequence, LM has been commonly adopted in spite of the importance of accurately quantifying tumor volume by VM.
Some recent volumetric studies on the natural history of meningioma depicted the accurate growth patterns of meningiomas, revealing what tumor characteristics are associated with higher growth rate. [1, 3, 11, 12, 21] Volumetric analysis, however, also contains several limitations that may contribute to the variations of results. Different slice positions at each examination may account for some potential errors in delineating the tumor's exact size and contour. There is also significant institutional variation in MR protocols and slice thickness captured. In addition, tumor contours may be difficult to delineate due to unclear tumor borders in some tumors. Tumors abutting the orbit (in the absence of fat-saturated sequences), those adjacent to enhanced large arteries or cortical veins, or those causing bony erosion or hyperostosis make it difficult to determine the exact tumor boundaries on MRI. These factors may produce wider intra-and interobserver variability in VM than in LM. Snell et al. also reported that fewer than five slices delineating lesions resulted in unacceptably larger errors in the volumetric analysis on intracranial tumors. [16] Therefore, small meningiomas may not be adequately evaluated on VM. Some patients are not eligible for MRI because of medical conditions such as pacemakers. Despite these issues, little has been discussed regarding the optimal measurement method in the conservative management of meningiomas based on a direct comparison between the LM and the VM.
Some methodological limitations are present in this study. Patients' MR images were obtained not only at our institution but also at multiple regional imaging centers. Therefore, the imaging protocol was not identical in this study. In addition, the single investigator performed the volumetry in our study, which is not always possible in a real clinical setting. However, we believe that measuring by multiple investigators would cause a wider margin of errors and decrease the consistency of volumetric analysis in this type of study. Therefore, we chose this method to eliminate the influence due to interobserver bias. This method was also adopted in another previous volumetric study. [3] Some previous studies mentioned that LM is unsuitable for skull base tumors because they tend to have more complicated shapes. [3, 11] This common belief, however, has never been tested so far. Our direct comparison based on a large sample size demonstrated that the differences of tumor location would not have any influence for tumors if their size increase was smaller than 2 mm. However, our data also indicated that when large skull base tumors demonstrate LG of 2 mm or larger, it should be kept in mind that they might have larger increase in volume than estimated from a linear change.
Recent volumetric studies in the literature all revealed a higher incidence of tumor growth utilizing the VM. Previous publications on natural history of meningiomas reported tumor progression detected by LM in 22-37% during the mean follow-up of 21-93.6 months. [5, 13, 14, 20] Nakamura et al. [11] performed volumetric growth measurements on 41 conservatively treated meningiomas and found that all the tumors showed some volumetric growth with a mean follow-up of 43 months. Hashiba et al. [3] reported that 44 of 70 tumors (62.9%) increased in volume by more than 15% with a mean follow-up of 39.3 months.
The similar tendency was confirmed in our study based on 189 tumors. To define the significant VG in our study, we randomly chose 20 tumors and conducted the volumetry three times to calculate the mean and standard deviation, which revealed that the average percentage of the standard deviation to the mean was 4.1%. If the volume increase greater than 8.2% is determined as a significant VG as reported in the previous literature, [3] 67.2% of tumors demonstrated VG in our study. The fact that the incidence of growth detected by volumetry is much higher than that of growth detected by LM raises the question whether this discrepancy between the LM and the VM has any clinical significance to be addressed. Based on our data, a small subset of large tumors had relatively small but actual VG despite the absence of maximum diameter change. Although we could not draw any definitive conclusion regarding the safety of continuing observation for LG-negative tumors without evaluating the treatment outcome, the volumetry appears to be detecting small growths of those tumors and show higher sensitivity.
Therapeutic decision making for conservatively treated meningiomas requires careful integration of the patient characteristics such as age, symptoms, and comorbidities as well as the tumor characteristics such as size and location. [15] However, radiological confirmation of significant growth remains an important factor in deciding whether to institute a therapeutic intervention following the initial observation period. It seems that the LM, albeit sounding rather simple, is a safe and effective way to evaluate the growth in most intracranial meningioma if we properly understand its limitations.
CONCLUSIONS
We described the limitations of simply applying the maximum linear diameter method in the evaluation of conservative management of intracranial meningiomas. If a linear progression was smaller than 2 mm, the volume increase was minimal in most of meningiomas regardless of the location of tumor. However, large tumors might have relatively small but actual volume growth even without LG. On the other hand, large skull base tumors with a diametric increase of 2 mm or larger could have a greater VG than estimated from LG. Although measuring the maximum linear diameter is simple and overall a safe method, it is important to understand its advantages, validity, and potential limitations to optimize patient management during observation.
